INTRODUCTION
Plasminogen activator inhibitor 1 (PAI-1) is the physiological inhibitor of the tissue plasminogen activator (tPA) and urokinase. It is a major regulator of the fibrinolytic enzyme system in i o and increased levels are correlated with the development of thrombotic disease, both myocardial infarction [1, 2] and deep vein thrombosis [3, 4] . PAI-1 belongs to the serpin superfamily of proteins and consists of a single polypeptide chain of 379 amino acid residues [5] [6] [7] . The peptide bond Arg$%'-Met$%( constitutes the ' bait ' region [8] . The functionally active form of PAI-1 converts spontaneously to a ' latent ' form [9] and has a half-life of approx. 2 h under physiological conditions [10, 11] . The latent form can be reactivated by denaturation by, for example, guanidinium chloride, followed by refolding during dialysis at slightly acidic pH. In addition, a third form of PAI-1 has been suggested, acting as a substrate for the plasminogen activators but without the ability to form stable complexes [12] [13] [14] . In plasma, virtually all active PAI-1 is bound to vitronectin [15, 16] . This increases the stability of the active PAI-1 molecule, causing an approximate doubling of its half-life in the conversion to the latent form [11] . The reaction between PAI-1 and plasminogen activators is very fast, with a second-order rate constant of approx. 2i10( M −" :s −" [17] . Besides the interaction between the active site of tPA and the ' bait ' peptide bond in PAI-1, interactions between other sites in the molecules also seem to be of importance for the high reaction rate [17, 18] . In analogy with some of the other serpins [19] , PAI-1 also binds heparin [20, 21] .
Abbreviations used : PAI-1, plasminogen activator inhibitor 1 ; sctPA, single-chain tPA ; tPA, tissue plasminogen activator ; wt, wild-type. 1 To whom correspondence should be addressed (e-mail bjorn.wiman!lab.ks.se).
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2n3 h) as wtPAI-1 (t " # 3n0 h). The mutant Glu"$! Lys showed an increased stability, both in the absence and in the presence of vitronectin compared with wtPAI-1. Nevertheless a similar affinity between all the active PAI-1 variants and vitronectin was observed. Further, all mutants, including the three mutants with low activity, were to a large extent adsorbed on anhydrotrypsin-agarose and were eluted in a similar fashion. In accordance with these data, the three variants with a low activity were all to a large extent cleaved as a result of their reaction with tPA, suggesting that they occurred predominantly in the substrate conformation. Our results do not support the presence of a binding site for vitronectin in this part of the molecule, but rather that it might be involved in controlling the active PAI-1 to substrate transition. Partly, this region of the PAI-1 molecule (Arg""& to Arg"")) seems also to be involved in the binding of heparin to PAI-1.
The reaction rate with thrombin is thereby increased by about two orders of magnitude [22] , making this reaction fast enough to become physiologically significant. However, the reaction rate of PAI-1 with plasminogen activators seems not to be affected by the presence of heparin.
In the present study we have used site-directed mutagenesis to introduce 13 single amino acid substitutions in the region Phe""$ to Asp"$) in PAI-1. This region constitutes one of two clusters of negatively charged residues present in the PAI-1 sequence. It has also been suggested to contain a vitronectin-binding site [23, 24] . After expression in Escherichia coli and purification, the functional properties of the different PAI-1 variants were studied, to increase our knowledge about the different physiological functions of PAI-1.
MATERIALS AND METHODS

Materials
Acrylamide, N,N h-methylene bisacrylamide and anhydrotrypsin-agarose were purchased from Sigma-Aldrich (Stockholm, Sweden). Coomassie Brilliant Blue G-250 Protein Assay kit was from Bio-Rad (Hercules, CA, U.S.A.). Imulyse PAI-1 kit (for PAI-1 antigen determination), Chromolize PAI-1 activity kit, Spectrolyse\PL PAI kit and single-chain tPA (sctPA) were from Biopool AB (Umea/ , Sweden). Restriction enzymes and T % DNA ligase were from New England BioLabs (Beverly, MA, U.S.A.). DyNAZyme, the thermostable DNA polymerase for PCR amplification, was from Finnzymes Oy (Espoo, Finland).
T (
Sequencing Kit, heparin-Sepharose CL-6B, CM Sepharose CL-6B and Sephadex G-75 were all from Pharmacia AB (Uppsala, Sweden). The chromogenic tPA substrate S-2288 (H--isoleucyl--prolyl--arginine-p-nitroanilide dihydrochloride), was from Chromogenix AB (Mo$ lndal, Sweden). The expression vector used, pBV220, has two heat-inducible promoters, λP R and λP L [25] . Vitronectin was purified from plasma as described previously [26] .
Expression and purification of recombinant PAI-1
Expression of recombinant PAI-1 was performed as described [27] , with some modifications. The E. coli strain XL1 Blue transformed by the expression plasmid pBV220\PAI-1 was grown overnight at 30 mC in BHI medium (Detroit, MI, U.S.A.) containing 50 mg\l ampicillin and diluted at a ratio of 1 : 50 into 1 litre of the same medium. The diluted culture was grown at 30 mC until the attenuance at 650 nm reached 0n5 (approx. 2 h of incubation) ; the temperature was then increased sharply to 42 mC to induce PAI-1 synthesis. After 4 h (attenuance at 650 nm reached 1n5-1n6) the bacteria were harvested by centrifugation for 15 min at 4000 g and 4 mC. The bacterial pellet was digested by 200 µg\ml lysozyme and sonicated (Sonifier B-12 ; Branson Sonic Power Co, Danbury, CT, U.S.A.) five times for 1 min at 90 W and 0 mC in 0n05 M sodium acetate buffer, pH 5n5, containing 0n1 M NaCl, 0n1 g\l Tween 80 and 0n5 g\l glycerol to break the bacterial cell walls. After another centrifugation at 12 000 g for 30 min at 4 mC, the supernatant was used as the starting material for purification of recombinant PAI-1. The supernatant was applied to a heparin-Sepharose CL-6B column (bed volume approx. 10 ml) equilibrated with the buffer described above, but without glycerol. The unadsorbed components were washed out by at least 100 ml of the buffer at a flow rate of 12 ml\h. Gradient elution was performed by increasing the concentration of NaCl from 0n1 to 1n1 M in 200 ml of the equilibration buffer. The chromatograms were monitored by the absorbance at 280 nm and by measuring the PAI-1 antigen content. The fractions with a high concentration of PAI-1 antigen were pooled, and after dialysis against 0n05 M sodium acetate buffer, pH 5n2, containing 0n1 g\l Tween 80, the sample was loaded on a CM Sepharose CL-6B column (bed volume approx. 5 ml) equilibrated with the same buffer at a flow rate of 12 ml\h. The column was washed by at least 50 ml of the same buffer, then eluted with a 100 ml gradient of 0-0n8 M NaCl in the same buffer. Alternatively, to purify the ' active ' PAI-1 variants, affinity chromatography on anhydrotrypsin-agarose was employed, basically as described [28] but with some modifications. The anhydrotrypsin-agarose column (bed volume 1 ml) was run and equilibrated with 0n15 M sodium phosphate buffer, pH 6n6, containing 0n1 M NaCl. After the sample (about 0n2 mg of PAI-1 variant) had been loaded on the column and washed the ' active ' PAI-1 was eluted with 0n2 M sodium acetate buffer, pH 5n5, containing 0n1 M NaCl and 0n1 g\l Tween 80. Unless specifically stated, the material obtained from the anhydrotrypsin-agarose chromatography was used in the subsequent experiments of functional characterization.
Characterization of recombinant PAI-1
The PAI-1 variants expressed in E. coli, without carbohydrate moieties, obviously had a different response to the monoclonal antibody in the Imulyse PAI-1 kit from the PAI-1 from HT1080 cells. Therefore wild-type (wt) PAI-1 was used as a standard in all PAI-1 antigen measurements. To determine the specific absorption coefficient of wtPAI-1, a solution of purified wtPAI-1, containing approx. 50 % active and 50 % latent material, was scanned between 250 and 350 nm with a Kontron 800 spectrophotometer. The protein concentration was determined on the same solution by Coomassie Brilliant Blue G-250 binding. The specific absorption coefficient for wtPAI-1 at its absorption maximum (280 nm) was determined as 0n77 l:g −" :cm −" . This is in accordance with the content of aromatic amino acids in PAI-1. It has been reported that active and latent PAI-1 might have different absorption coefficients [29] . To investigate whether this also applied to our material, fully active PAI-1 (0n3 mg\ml) was incubated at pH 7n5 and 37 mC for 5 h, after which time approx. 80 % of the PAI-1 had been converted to the latent form. Simultaneous recordings showed that the absorbances at 280 and 320 nm increased slightly during this period, but when the A $#! was subtracted from the A #)! , no significant change was observed during the incubation period. Thus the same absorption coefficient can be used for both latent and active PAI-1.
Mutagenesis of PAI-1 cDNA
The PAI-1 cDNA sequence coding mature wild-type human PAI-1, modified by the introduction of a XhoI site at bp 871 by a synonymous mutation (adenine nucleotide at position 873 replaced by a cytosine), was subcloned into the EcoRI and HindIII sites of pUC19. The plasmid generated, pUC19\PAI-1, was used as the template in the PCR amplification in which sitedirected mutations were introduced by synthesized oligonucleotides (primers 1-15 ; Table 1 ). Oligonucleotides were synthesized by using a Gene Assembler Special system (Pharmacia) in accordance with the instructions of the manufacturer.
Mutations in the region Phe""$ to Asp"$) were conducted by two-step PCR amplifications, as demonstrated schematically in Figure 1 . The first PCR was performed on pUC19\PAI-1, by using primer 14 together with each of the primers 1 to 13 respectively. The products were purified by agarose gel electrophoresis and subsequently used as primers together with primer 15 in the second PCR. The EcoRI-HindIII fragment of PAI-1 cDNA was used as template. The PCR products were then digested by SacI (at bp 244 of PAI-1 cDNA) and XhoI, and used to replace the corresponding fragment in PAI-1 cDNA in the
Figure 1 Schematic presentation of the procedure to introduce single-site mutations in PAI-1
The restriction enzymes are represented as E (Eco RI), S (Sal I), X (Xho I) and H (Hin dIII).
expression vector. All the sequences in the mutated regions were confirmed by DNA sequencing with primer 16.
It is well known that Taq DNA polymerase has the property of frequently adding an extra adenosine nucleotide to the 3h terminus of double-stranded DNA. DyNAZyme has, in this respect, the same property. As a result, in the first PCR step, some of the PCR products occasionally had an extra ' A ' at their 3h terminus, which might have generated an unwanted mutation in the PAI-1 cDNA in the second PCR step. With primers 1, 4, 8, 9, 12 and 13 (Table 1) this problem might be real, but for the other mutation primers the introduction of an extra A matches a T on the template, causing no changes, or causes a synonymous mutation. For the mutation primers in risk of obtaining unwanted mutations several clones were screened and sequenced to ensure that PCR products without an extra A were used in the subsequent PCR step.
Determination of PAI-1 antigen and activity
Determination of PAI-1 antigen concentration was performed with an ELISA method, utilizing a commercially available kit (Imulyse PAI-1). Purified wtPAI-1 was used as a standard. It was found that wtPAI-1 expressed in E. coli had a somewhat lower response with this kit than PAI-1 from plasma or from HT1080 cells. Determination of PAI-1 activity was performed in three different ways. Measurement of ' fast-acting ' PAI-1 was performed with either the Chromolize PAI-1 activity kit or the Spectrolyse PL kit. In addition, a titration assay was also performed, with higher concentrations of the reactants and long incubation time, to identify PAI-1 variants with a potentially decreased reaction rate. The tPA concentration was kept constant at 2 mg\l, and the concentration of most of the PAI-1 mutants was varied from 0 to 1 mg\l. Occasionally, with some of the PAI-1 variants with low activity, concentrations as high as 15 mg\l were used (only with material obtained after CM Sepharose chromatography). After incubation in microtitre plates for 20 min at ambient temperature, the residual tPA activity was measured by the addition of the chromogenic substrate S-2288 to a final concentration of 0n5 mM and recording the increase in absorbance at 405 nm. The residual tPA activity was plotted against the PAI-1 concentration. The straight lines obtained were extrapolated to zero tPA activity to get the PAI-1 concentration equal to the tPA concentration.
Reactivation of PAI-1
Most functional studies were performed on the purified PAI-1 variants before any reactivation. However, for comparison all mutants were also reactivated by treatment with 4 M guanidinium chloride at pH 5n5, followed by refolding during dialysis at 5 mC against 0n05 M sodium acetate buffer, pH 5n5, containing 0n1 M NaCl and 0n1 g\l Tween 80 [11] . The ' reactivated ' PAI-1 mutants were subsequently subjected to the same functional studies.
Interaction of PAI-1 with vitronectin
The affinity of PAI-1 for vitronectin was tested by using vitronectin-coated microtitre plates, essentially as described earlier [30] . In brief, PAI-1 mutants at different concentrations (0-400 units\ml on a titration activity basis, 0-10 µg\ml on an antigen basis) were added to microtitre plates coated with vitronectin. After incubation for 1 h at ambient temperature the plates were washed and horseradish peroxidase-conjugated antibodies against PAI-1 were added. After another incubation for 1 h the plates were developed with o-phenylene diamine and H # O # . The absorbance at 492 nm was recorded and used as a measure of PAI-1 binding to vitronectin.
Stability of PAI-1 mutants
The stability of PAI-1 mutants was determined by incubating the PAI-1 mutants at pH 7n3 and 37 mC. At intervals, samples were collected, acidified slightly and subsequently analysed for PAI-1 activity. The procedure has been described in detail previously [11] .
SDS/PAGE
SDS\PAGE was performed in a Mini-PROTEAN II electrophoresis apparatus (Bio-Rad) by the method of Laemmli [31] . Proteins were separated on 10 % (w\v) polyacrylamide gels and stained with Coomassie Brilliant Blue R-250.
RESULTS
Generation of PAI-1 mutants
Although DyNAZyme has higher fidelity than Taq DNA polymerase in the DNA synthesis of PCR [32, 33] , some unwanted mutations were still encountered in the screening and sequencing of PAI-1 mutants. In such cases the PAI-1 mutant cDNA species with unwanted mutations were discarded. Nevertheless, to make sure that no other unwanted changes existed in the PAI-1 mutants, all mutant molecules with obviously deviating inhibitory activity (i.e. Arg""& Asp, Asp"#& Lys, Phe"#' Ser and Arg"$$ Asp) were completely sequenced in the coding cDNA regions. The other mutants were sequenced in the regions that were replaced by PCR fragments.
Expression, purification and characterization of PAI-1 variants
Recombinant PAI-1 expressed in E. coli with the pBV220 vector might exist both in the soluble cytoplasm and in inclusion bodies. Because the proteins in inclusion bodies are more likely to be denatured, the soluble PAI-1 in the cytoplasm was used as a source for purification. The soluble wtPAI-1 was determined as approx. 12 mg\l of culture fluid. The total purification yield of wtPAI-1 after heparin-Sepharose and CM Sepharose chromatography was approx. 40 % (approx. 5 mg from 1 litre of culture fluid). In heparin-Sepharose chromatography, wtPAI-1 was typically eluted at a NaCl concentration of approx. 0n8 M. The purified wtPAI-1 after anhydrotrypsin-agarose chromatography was more than 95 % pure according to analysis by SDS\PAGE ( Figure 2 ).
All PAI-1 variants could be purified by using the same combination of heparin-Sepharose and CM Sepharose or anhydrotrypsin-agarose chromatography. The expression efficiencies and final yields varied somewhat between the different mutants. Most PAI-1 variants were expressed at high levels. The soluble forms of the two mutants Asp"#& Lys and Phe"#' Ser repetitively displayed a significantly lower yield in the cytoplasm than did the other variants. Interestingly, the two variants Arg""& Asp (0n63 M NaCl) and Arg"") Asp (0n58 M NaCl), but not Arg"$" Asp or Arg"$$ Asp, were eluted earlier under heparin-Sepharose chromatography than wtPAI-1 (0n80 M NaCl), suggesting a decreased affinity for heparin. With all mutants, including those with low activity (see below), approx. 50 % was adsorbed on the anhydrotrypsin-agarose columns and eluted. The PAI-1 protein, not adsorbed on anhydrotrypsin-agarose, did not have the ability to form stable complexes with tPA, nor was it cleaved by tPA (results not shown), presumably because it constituted ' latent ' material.
Inhibitory activity of PAI-1 variants
The specific activities of the different purified PAI-1 variants (anhydrotrypsin-agarose), as calculated from activity data ob- tained with the Chromolize PAI-1 activity kit, are shown in Table 2 . All figures are expressed as a percentage of the specific activity calculated for wtPAI-1 [1092 000p29 000 (S.D.) units\mg, using the standards included in the kit]. The activities of all variants purified by heparin-Sepharose and CM Sepharose chromatography were also investigated by the titration method and occasionally also by the Spectrolyse PL PAI kit. Three of the mutants, Asp"#& Lys, Phe"#' Ser and Arg"$$ Asp, had a drastically decreased activity in all assays used. However, for the mutant Arg""& Asp a low specific activity was obtained with one of the activity kits (Chromolize PAI-1 ; less than 0n1 %) but a normal specific activity was found by using the titration assay or the Spectrolyse PL kit [115 %p12n5 (S.D.)]. The explanation for these results is probably that the replacement of Arg""& by Asp affected the binding of PAI-1 to the monoclonal antibody used in the Chromolize PAI-1 kit. All other mutants had similar, or only slightly changed, specific activities, compared with wtPAI-1.
Formation of SDS-stable complexes between the PAI-1 variants and sctPA
The ability of the different ' active ' PAI-1 variants to form stable complexes with sctPA was studied by SDS\PAGE after incubation in a slight excess of sctPA (on an activity basis). The results are shown in Figure 3 . With wtPAI-1, as well as with most mutants, nearly all of the PAI-1 formed stable complexes with sctPA. In agreement with activity data, no stable complexes, or very small amounts of them, were observed after the reaction between sctPA and the PAI-1 variants Asp"#& Lys, Phe"#' Ser or Arg"$$ Asp. With all these variants, the PAI-1 moiety was almost completely transformed into a degraded form of the inhibitor. This was confirmed by mixing with some latent wtPAI-1 before SDS\PAGE (results not shown). Small amounts of this form could also be seen with some of the other mutants. This probably represents the cleaved form, obtained from the socalled substrate form of the inhibitor. In fact, on using different incubation periods, ranging from 1 min to 6 h, almost identical results were obtained (results not shown), suggesting that the formation of the degraded form is not a result of dissociation or degradation of the complex with time but is something occurring rapidly in the initial phase of the reaction.
Stability of PAI-1 variants
The conversion of functionally active PAI-1 to the latent form was studied by incubating the PAI-1 variants at pH 7n3 and 37 mC for different periods in the absence or in the presence of vitronectin and subsequently measuring the residual PAI-1 activity with the Spectrolyse PL PAI kit. The decline in activity followed first-order kinetics for all variants tested. The calculated half-lives are summarized in Table 3 . In the absence of vitronectin many of the variants, including wtPAI-1, had a half-life of approx. 2 h, in agreement with published data for PAI-1 from HT1080 cells [11] . Mutant Glu"$! Lys was, however, more stable, with a half-life of 4n3 h. The three variants with very low activity could not be tested in this system. These were instead tested after reactivation by guanidinium chloride (see below). In the presence of vitronectin the half-life was prolonged to approx. 3 h for most mutants, which is quite similar to the values obtained with human PAI-1 from plasma or from HT1080 cells [11]. However, mutant Glu"$! Lys was more stable than wtPAI-1 also in the presence of vitronectin (t " # approx. 7 h).
Binding of PAI-1 variants to vitronectin
The binding of PAI-1 variants to vitronectin was studied by using vitronectin-coated microtitre plates. The binding is demonstrated in Figure 4 as a function of PAI-1 activity. All of the functionally active PAI-1 mutants displayed similar binding curves to those obtained with wtPAI-1, but only the results for some of the more interesting variants are shown. The activity of mutant Phe"#' Ser was too low to obtain meaningful results in this analysis. For comparison, latent wtPAI, obtained by incubating wtPAI-1 at 37 mC for 24 h at neutral pH (containing approx. 0n2 % active PAI-1), was also tested in the same system. A decrease in affinity for vitronectin to approx. 1\50 was observed for this material (results not shown).
Studies on reactivated PAI-1 variants
For most PAI-1 variants, including wtPAI-1, the specific activity did not change significantly as a result of the reactivation process. However, regarding mutants Asp"#& Lys, Phe"#' Ser and Arg"$$ Asp, which all were at the most only a few per cent active, Asp"#& Lys and Arg"$$ Asp gained considerably in specific activity during reactivation, but not Phe"#' Ser. After reactivation and chromatographic purification on anhydrotrypsin-agarose, mutant Asp"#& Lys had a specific activity of 450 000 units\mg (43 % as active as wtPAI-1), whereas the value for mutant Arg"$$ Asp was 330 000 units\mg (31 % as active as wtPAI-1). Furthermore, stability experiments with these reactivated variants (Asp"#& Lys and Arg"$$ Asp) indicated a pronounced decrease in stability for both variants with half-lives of 22 and 31 min respectively (Table 3) . This is the reason that these variants lost most of their activity during the production and purification procedures. However, in the presence of vitronectin these variants were almost as stable (t " # 2n3 h) as wtPAI-1 (t " # 3n0 h). Before treatment with guanidinium chloride, the two mutants Asp"#& Lys and Arg"$$ Asp acted largely as substrates for tPA (Figure 3) . However, as mentioned above, after reactivation they became 30-50 % active, owing to partial transformation into the ' active ' conformation. Unfortunately, the concentrations of the mutants obtained after reactivation and subsequent stability test were too low to allow investigation with SDS\PAGE to settle the question of whether they were transformed into latent PAI-1 or substrate PAI-1 during the inactivation process.
On reactivation, the binding to vitronectin increased proportionally with PAI-1 activity for the variants Asp"#& Lys and Arg"$$ Asp. On an activity basis, the binding curves were still very similar to those obtained with wtPAI-1 (results not shown).
DISCUSSION
Site-directed mutagenesis and subsequent functional investigations of the mutated proteins are powerful tools in the study of structure-function relations in proteins. With respect to PAI-1, such studies have been performed, mainly in the vicinity of the ' bait ' peptide bond, Arg$%'-Met$%( [34] [35] [36] [37] [38] . Some other regions of PAI-1 have also been studied as a result of randomized mutagenesis and identification of amino acid residues of importance for the interaction with vitronectin [23] . In addition, results obtained with monoclonal antibodies have suggested that the region between residues 110 and 145 in PAI-1 is involved in vitronectin binding [24] . In the present study we therefore decided to examine in more detail the functional role of this part of the PAI-1 molecule, which contains one of the two clusters of negatively charged residues (on a sequence basis). This was performed by site-directed mutagenesis in the cDNA region coding for the Phe""$ to Asp"$) portion of the PAI-1 molecule. Within this stretch of residues in PAI-1, single-site mutants were produced where all of the acidic residues (Asp\Glu) were mutated towards a basic residue (Lys), all different phenylalanine residues were mutated to a serine residue and all basic residues (only Arg) were mutated to an acidic residue (Asp). To obtain this goal we basically followed the strategy of synthesizing DNA primers containing the desired mutations and then producing PCR products with these primers in combination with a common downstream primer. The PCR products containing the mutations were subsequently allowed to replace the corresponding stretch in the wild-type PAI-1 gene. After transfer to an expression system in E. coli and purification of the different PAI-1 mutants, these were characterized for their reactions with tPA, interactions with vitronectin or heparin, and stability.
Although one of our primary goals with this work was the identification and characterization of the vitronectin-binding site in the PAI-1 molecule, the results obtained from this point of view were somewhat disappointing because only minor effects could be detected unless the activity of the PAI-1 variants was decreased, as with the mutants Asp"#& Lys, Phe"#' Ser and Arg"$$ Asp. The decrease in affinity for vitronectin seemed to parallel the decrease in activity. It is already known from earlier studies that the latent form of PAI-1 interacts with vitronectin with a much lower affinity [26] , probably involving other sites, distant from or in close vicinity to the high-affinity sites. Previous results have also suggested that the high-affinity interaction between the N-terminal part of vitronectin and PAI-1 is stabilized by a combination of hydrophobic interactions and ionic interactions, involving one or several guanidino groups, either in the vitronectin molecule or in the PAI-1 molecule [30] . Therefore it is likely that the amino acid substitutions described here would, at least to some extent, affect the PAI-1-vitronectin interaction if the high-affinity binding site for vitronectin in PAI-1 were located in this part of the molecule. Previous work, employing mutagenesis [23] and with the aid of monoclonal antibodies [24] , has indicated that this region might contain the ' high-affinity ' binding site interacting with the N-terminal portion of vitronectin. As discussed below, our results are somewhat in conflict with this theory. As already mentioned, three mutants had a very low activity, even after purification on anhydrotrypsin-agarose (Asp"#& Lys, Phe"#' Ser and Arg"$$ Asp). Furthermore SDS\PAGE analysis after incubation with tPA revealed that these mutants consisted to a very large extent of the substrate form of the inhibitor (Figure 3 ). Thus the results on adsorption on anhydrotrypsin-agarose and cleavage by tPA show that the reactive site loop of PAI-1 is exposed in all three of these mutants. The major portions of these mutants, existing in the substrate form, did not bind to vitronectin with a high affinity ; only the portions of active PAI-1 showed this property. After treatment with guanidinium chloride and subsequent dialysis, causing regeneration of PAI-1 activity (only with mutants Asp"#& Lys and Arg"$$ Asp), the interaction with vitronectin increased in proportion to the increase in PAI-1 activity. Thus it seems that modifications in this part of the molecule by itself do not prohibit the interaction with vitronectin but rather that they cause conformational changes elsewhere in the molecule, increasing the likelihood of the substrate conformation. Therefore none of the mutated amino acids in this work seem to be involved in the binding of vitronectin.
The three mutants primarily existing in the substrate conformation are also interesting in that they do not form stable complexes with tPA. The initial attack of tPA to the ' bait ' peptide bond seems to be fairly normal, but for some reasons the inactive stable protease-inhibitor complex is not formed in these cases. Instead, the ' bait ' peptide bond is rapidly hydrolysed, as has been described for other PAI-1 variants [12] . An explanation might be that mutagenesis in the Asp"#& to Arg"$$ part of PAI-1 induces conformational changes, affecting also other and distant parts in the vicinity of the reactive site of the molecule.
After reactivation, the two mutants Asp"#& Lys and Arg"$$ Asp were found to have a faster than normal turnover rate in the transition from the active to the latent form of the inhibitor. Thus it seems that this part of the molecule is of importance in maintaining the active conformation of PAI-1, perhaps in prohibiting the insertion of the ' bait ' peptide bond loop into the A β-pleated sheet structure in this inhibitor [39] [40] [41] [42] . It is possible that the two residues Asp"#& and Arg"$$ in the functional PAI-1 molecule interact with other charged residues via ionic interactions, and that disruption of these interactions causes conformational changes, facilitating the ' bait ' peptide loop insertion. In contrast, mutant Glu"$! Lys displayed an increased stability in the absence of vitronectin, in contrast with all other PAI-1 variants studied. In the presence of vitronectin, however, mutants Asp"#& Lys and Arg"$$ Asp had half-lives of 2n3 h, which is not too different from that of wtPAI-1 (3n0 h), suggesting that vitronectin can compensate at least in part for the conformational change obtained with these mutations. Mutant Glu"$! Lys also displays a comparable increase in stability in the presence of vitronectin as in its absence. The Asp"#& to Arg"$$ portion of the molecule therefore seems to be of importance in stabilization of the active PAI-1 conformation, perhaps by preventing, in one way or another, the insertion of the ' bait ' peptide loop in the A β-pleated sheet structure.
It is well known from previous studies that PAI-1 interacts with heparin [20, 21] , favouring its complex formation with thrombin [22] . In this respect, our results suggest that Arg""& and Arg""), but not Arg"$" or Arg"$$, are involved in the heparin binding. Previous results by Ehrlich et al. [43] have suggested that residues Arg(', Lys)! and Lys)) are also important for heparin binding. Interestingly, from the proposed three-dimensional structure of PAI-1 [41] , these two stretches are close to each other. Also this seems to correspond, at least partly, to the region that binds heparin in the antithrombin molecule [19] . The reaction between the different PAI-1 variants described here and thrombin has not been investigated.
We conclude that the Phe""$ to Asp"$) region in the PAI-1 molecule is an important part of the moelcule, mainly in regulating the conformational state regarding stability and the transition to the substrate form.
